Temporal measurements of temperature, salinity, water-oxygen isotopic ratio and nutrient 36 concentrations at Saroma-ko Lagoon, southern Sea of Okhotsk, were made in 37
fraction of snow indicates that the nitrogen compounds on top of the sea ice was controlled 48 mainly by the snow contribution to the sea ice when snow-ice predominated. Our results 49 indicate that chemical cycles in sea ice can be affected by polluted precipitation (snow) 50 originating from a nonpolar sea. 51
Introduction 68 69
In sea ice, the ice and brine-channel network system contains abundant microorganisms such 70 as ice algae and bacteria (e.g., Arrigo et al., 2010) . Photosynthesis by ice algae causes the low 71 concentrations of nutrients that are observed in sea ice (Dieckmann et al., 1991; McMinn et 72 al., 1999) . Nutrients are re-supplied by oxidative remineralization of organic matter by 73 heterotrophic organisms and bacteria and sometimes by replenishment 74 from under-ice seawater (Nomura et al., 2009 ; Thomas et al., 2010) . The atmospheric transfer 75 and deposition of nutrients onto sea ice is an important source of nutrients for potentially 76 nutrient-depleted sea-ice surfaces (Rahm et al., 1995; Kaartokallio, 2000; Granskog et al., 77 2003; Krell et al., 2003; Granskog and Kaartokallio, 2004; Nomura et al., 2010a) . In the 78 Northern Hemisphere, snow on sea ice contains high concentrations of nutrients, which are 79 incorporated into the ice during snow-ice formation. The flooding of sea ice by seawater and 80 the resulting formation of snow-ice are widespread and important ice-thickening processes 81 (Lange et al., 1990; Eicken et al., 1994; Jeffries et al., 2001) . When sufficient snow has been 82 deposited on sea ice, the ice surface is depressed below sea level and flooding occurs at the 83 snow-sea ice interface. Subsequent freezing of the snow and water leads to the formation of 84 snow-ice. These processes strongly affect the heat budget, biological productivity and 85 chemical composition of polar oceans. However, the contribution of nutrient loading from the 86 atmosphere has not been studied in detail (Thomas et al., 2010) . 87
88
In sea ice of the southern Sea of Okhotsk, concentrations of nitrogen compounds, especially 89 NO 3 and NH 4 + , in snow and snow-ice are high, which implies that these compounds are 90 supplied from the atmosphere by snowfall and are incorporated into the sea ice through 91 snow-ice formation (Nomura et al., 2010a) . The high concentrations may be due to the 92 location of the study area, off the east coast of the Asian continent; particulate pollutants from 93 that area contain high NO 3 and NH 4 + concentrations (Ooki and Uematsu, 2005) . In a 94 previous study (Nomura et al., 2010a) , we focused on the spatial distribution of nutrients in 95 sea ice in the southern Sea of Okhotsk, but no information on the temporal variation of 96 nutrient concentrations in the sea ice in this area is available. In particular, there are no data 97 on the incorporation of nitrogen compounds (NO 3 -+ NO 2 and NH 4 + ) into the sea ice. 98
99
In this study, we investigated the temporal variation of nutrient concentrations in sea ice in 100 Saroma-ko Lagoon to determine the incorporation processes, particularly the incorporation of 101 5 collected a new core for nutrient analysis. Then sea ice core was packed it in a polyethylene 136 bag and kept it horizontal in a cooler box with snow as a coolant to avoid the loss of brine 137 from ice core. We did not see any liquid in the plastic bag after storage, supporting low brine 138 drainage. However, it is likely that brine drainage occurred when collecting the sea ice cores 139 from the sea ice, in practice this cannot be avoided, especially for the lowest parts of the ice, 140 as some is lost when a core is retrieved (moved upward). Even though special care was taken 141 and the cores were collected quickly, some brine loss from the sea ice would have occurred. 142 Therefore, these results would have led to a small underestimation of the nutrient 143 concentration in sea ice. However, it is difficult to quantify the nutrient loss during this 144 process. 145 146 Thereafter, the ice core was transported to the nearby SRCA (Saroma Research Center of 147 Aquaculture) and stored in a deep freezer at -30 °C for further analysis of ice texture, salinity, 148 nutrients and water-oxygen isotopic ratio (water-δ 18 O) at Hokkaido University, Sapporo. For 149 measurement of chlorophyll a concentrations, a third core was collected on 4 March as 150 described for the second ice core. Immediately upon arrival at the SRCA, this third core was 151 cut into 10-14-cm sections and melted into 200-ml artificial seawater (40 g NaCl in 1 L 152
Milli-Q water) in polyethylene cups to avoid the loss of intracellular organic solute due to cell 153 rupture under osmotic stress (Garrison and Buck 1988). Melted core samples of known 154 volume were filtered through Whatman GF/F glass-fiber filters (nominal pore size 0.7 µm) 155 under low vacuum, and the meltwater was put into cryo-vials, which were placed in liquid 156 nitrogen for analysis at Tokai University, Sapporo. 157 158 Under-ice water samples were collected through the ice core holes with a 500-ml Teflon 159 water sampler (GL Science Inc., Tokyo, Japan) at depths of 1 and 3 m below the surface of 160 the ice. We collected these water samples approximately 15 min after the drilling of the ice 161 cores to avoid disturbance caused by the drilling. Under-ice water for salinity and water-δ 18 O 162 measurements was subsampled into 10-ml glass vials; water for inorganic nutrient 163 concentration measurements was subsampled into 10-ml polyethylene screw-cap vials; and 164 water for chlorophyll a concentration measurements was subsampled into 100-ml 165 polyethylene screw-cap vials (only on 4 March). Nutrient samples were immediately placed 166 in a freezer (-30 °C). Salinity and water-δ 18 O samples were kept at room temperature 167 (+15 °C). Chlorophyll a samples were treated in the same manner as ice-melt water and were 168 then stored for further analysis. To examine ice growth processes, we used thin-section analysis to classify the ice cores into 225 granular ice, columnar ice or mixed granular and columnar ice (Eicken and Lange, 1989 ). The 226 granular ice was subdivided into frazil ice and snow-ice (or superimposed ice) on the basis of 227 the water-δ 18 O value. For the purposes of this study, snow-ice was defined as granular ice 228 with a water-δ 18 O value that was lower than that of the parent seawater (see Jeffries et al., 229 1994; . The amount of each ice type is presented as a proportion of the 230 total length of the ice core. 231
232
To determine the mass fraction of snow in the snow-ice, we used a mass balance equation 233 model (Jeffries et al., 1994; 2001) : 234
(2) 238 239 where f represents the mass fraction of snow or seawater, δ represents the water-δ 18 O value, 240 and the subscripts "snow," "sea" and "obs" refer to snow, under-ice seawater and observed 241 bulk ice, respectively. For δ sea , we used the parent water-δ 18 O seawater values rather than the 242 value that includes the fractionation factor during seawater freezing (see Jeffries et al., 1994; 243 2001 ), because we assumed that all the granular ice with a value smaller than that of under-ice 244 water was snow-ice (Jeffries et al., 1994; . On the basis of the results 245 obtained on each sampling day, the δ snow and δ sea values used for calculation were -14.2‰ ± 246 2.5‰ (mean ± SD) and -1.3‰ ± 0.1‰, respectively. The calculated fractions varied within 247 11.3% for δ snow and 1.1% for δ sea in changing the standard deviation values. During the study period, air temperature ranged from -21.9 to +2.5 °C, with a mean of 255 -6.7 °C ( Fig. 2a ). Westerly winds were dominant during the study period, except on 29 256 February ( Fig. 2a ). At the onset of the study, snow depth was 0.10 m. Snow depth increased 257 from 0.10 m to a maximum of 0.19 m on 26 February due to an overnight snowfall event ( Fig.  258 2b), although the exact time of the event is not known. The snow depth decreased slightly 259 from 28 February to 4 March (Fig. 2b) . The slush layer thickness during the study period 260 ranged from 0.01 to 0.11 m (Fig. 2c ) owing to the loading of snow on the sea ice, indicating 261 that the sea ice surface was below sea level (negative freeboard). Sea ice thickness increased 262 from 0.37 to 0.55 m during the study period ( Fig. 2d ). Because the difference in the ice 263 thickness of the two cores collected for the measurement of ice temperature and nutrient 264 analysis for each day was only 0.026 m ± 0.021 m (mean ± SD), the sea ice thickness in study 265 area was considered uniform. These results indicated that the increase in ice thickness during 266 the study period (0.18 m) resulted from the temporal increase in ice thickness. These results 267
suggest that the variation in other sea ice parameters (e.g., ice structure, salinity, water-δ 18 O 268 and nutrients in sea ice) also indicated the temporal development of the sea ice during the 269 study period. However, the results obtained in this study might be affected by short-range 9 spatial variability in sea ice properties (e.g., . No data was collected that 271 would allow an evaluation of the heterogeneity of these sea ice parameters. 272 273
Ice structure 274 275
The vertical thin-section photographs of the sea ice cores indicated that granular ice (snow-ice 276 plus frazil ice) made up more than half the ice thickness in the upper parts of all the ice cores, 277 and columnar ice dominated the lower parts of the cores (Fig. 3 , Table 1 ). The fraction of 278 snow-ice increased from 23.0% on 25 February to 59.6% on 3 March, and the fraction of 279 columnar ice varied between 10.3% and 36.2% of the total. During the study period, snow temperature varied between -5.7 and -0.8 °C. In contrast, 285 throughout the ice core, the sea ice temperature held nearly constant at the same temperature 286
as the under-ice water (Fig. 4a) . 287
288
The snow salinity was zero, and the vertical profile of the sea ice salinity was C-shaped, with 289 higher salinities in the upper and lower parts of ice core than in the middle (Fig. 4b ), except 290 on 3 and 4 March, when a high sea-ice salinity (up to 6.0) was measured in the middle of the 291 ice core. The salinity of the under-ice water was constant at 32.0 ± 0.3 (mean ± SD). 292
293
The snow water-δ 18 O varied between -18.0‰ and -11.8‰ during the study period ( Fig. 4c) . During the study period, the concentrations of nitrogen compounds in the snow ranged from 300 15.7 to 57.6 µmol L -1 for NO 3 -+ NO 2 and from 7.2 to 17.6 µmol L -1 for NH 4 + ; these values 301
were higher than those of the sea ice and under-ice water (Fig. 4d, e ). The vertical profiles of 302 The mass fractions of snow in the snow-ice layer at the top of the sea ice ranged from 0.8% to 337 46.9% (Fig. 7) . Higher snow fractions (12.6%-46.9%) were found in the top layer (0-3 cm 338 from the ice surface) than in the deeper layers (3-6 and 6-9 cm from the surface). The snow 339 fraction of each snow-ice layer increased with time and reached a maximum of 46.9% in the 340 top 0-3 cm on 1 March. 341 342
Relationship between nutrient concentrations and mass fraction of snow in snow-ice 343 344
The relationship between nutrient concentrations and the mass fraction of snow in the 345 snow-ice is shown in Figure 8 . The NO 3 -+ NO 2 and NH 4 + concentrations were highly 346 correlated with increasing snow fraction (R 2 = 0.77, P < 0.0001 for NO 3 -+ NO 2 -; R 2 = 0.74, P 347 < 0.0001 for NH 4 + ). However, snow fraction and PO 4 3concentration showed no correlation 348 (R 2 = 0.003, P = 0.661). 349 350 351
Discussion 352 353
That no vertical gradients of sea ice temperature were seen during the study period ( Fig. 4a ) 354
suggests that no ice growth occurred at the bottom of sea ice. The ice texture (Fig. 3 ) and the 355 fraction of each ice type in the ice cores (Table 1) also suggest that snow-ice formation 356 contributed to the increase of ice thickness during the study period ( Fig. 2d ). Sudden 357 decreases of air temperature to lower than -10 °C were sometimes observed, particularly 358 during the nighttime (Fig. 2a ). Therefore, it was possible for freezing to occur at the top of sea 359 ice as snow-ice formation during the study period. Because the field experiments were done 360 during daytime (usually max temperature and high solar radiation), the fingerprint of the 361 nighttime cooling did not persist to the sampling time due to the daily variation of the 362 temperature in the snow and at the top of sea ice. The study area in Saroma-ko Lagoon is 363 located in the southernmost part of the seasonal sea-ice zone, where the sea ice is relatively 364 thin and the snowfall is high. Therefore, snow-ice formation is likely to have been an 365 important part of the ice-growth process in this area (Shirasawa et al., 2005) . Our results are 366 consistent with previously reported field data and thermodynamic modeling results for 367
Saroma-ko Lagoon (Shirasawa et al., 2005) . According to these earlier results, the snow-ice 368 fraction contributes more than 50% of the ice thickness during the ice-melting season in 369
Saroma-ko Lagoon. suggest that our data were not affected by local anthropogenic effects near the station and 383 could therefore be applied to a wide area near the southern Sea of Okhotsk. 384
385
Our results suggest that the high concentrations of NO 3 -+ NO 2 and NH 4 + in the upper part of 386 the sea ice ( Fig. 4d, e ) were due mostly to atmospheric supply via snowfall and that these 387 compounds were incorporated into the ice by snow-ice formation. This possibility is 388 supported by the fact that the NO 3 -+ NO 2 and NH 4 + concentrations in the snow-ice were 389 clearly higher than the concentrations expected from the nutrient-to-salinity ratios of the ice 390 ( Fig. 5a, b ). Furthermore, snow-ice with a high snow contribution had a higher salinity at the 391 top of the sea ice ( Fig. 4b and 7 ) because of the capacity of snow to retain seawater during 392 snow-ice formation. Therefore, it is reasonable to suggest that both the NO 3 -+ NO 2 and 393 NH 4 + concentrations and the salinity in the snow-ice were dependent on the snow contribution, 394 illustrating the correlation between the nutrient concentrations and salinity in snow-ice 395 (Section 3.4). 396 397 High concentrations of NO 3 -+ NO 2 and NH 4 + in the snow (Fig. 4, Table 2 ) maintained the 398 supply of nutrients to the upper part of the sea ice. (Note, however, that we did not obtain 399 samples of snow or precipitation before it was deposited over the sea ice.) In addition to 400 snow-ice formation, the melting of snow due to warming (Fig. 2b) 3in the snow and the upper part of the sea ice were low (Fig. 4f ) 404
indicates that snowfall and snow-ice formation made only a minor contribution to the 405 phosphorus levels in the upper part of the sea ice.
407
Similar results were observed in studies conducted in the Baltic Sea (Kaartokallio, 2001; 408 Granskog et al., 2003) and the White Sea (Krell et al., 2003) , in the Northern Hemisphere. For 409 example, in the Baltic Sea, high NO 3 and NH 4 + concentrations (5.5-12.2 µmol L -1 NO 3 -; 410 1.7-7.6 µmol L -1 NH 4 + ) were observed in the upper part of the sea ice (Kaartokallio, 2001) . 411
These previous investigators concluded that the atmospheric supply of nutrients plays an 412 important role in many ice-covered regions. 413
414
The mass fractions of snow in the snow-ice obtained in this study (0.8%-46.9%) were Saroma-ko Lagoon, the snow depth was high with respect to the sea ice thickness (Fig. 2b, d) , 421 and the relatively deep snow was one reason why the snow fraction was so high during the 422 study period. In this study, the mass fractions of snow in the snow-ice were calculated by 423 equations 1 and 2 assuming no isotopic fractionation during ice freezing (Jeffries et al., 1994; 424 2001 ). Some isotopic fractionation occurs during ice formation (e.g., O'Neil, 1968), causing, 425 the water-δ 18 O of sea ice to be greater than that of the under-ice water. Generally, the isotopic 426 fractionation was evaluated from the difference between columnar ice and under-ice water 427 water-δ 18 O (Kawamura et al., 2001) . However, because the freezing speed of granular ice is 428 faster than columnar ice, the isotopic fractionation of granular ice is smaller than in columnar 429 ice. In particular, in this study, snow-ice formation might have occurred at nighttime, when 430 the freezing speed was likely to have been very fast, resulting in, minimum isotopic 431 fractionation. Furthermore, the extent of isotopic fractionation in the snow-ice during the 432 formation was unknown and difficult to evaluate. Therefore, in this study the mass fractions 433 of snow in the snow-ice were calculated assuming no isotopic fractionation during ice 434 formation (Jeffries et al., 1994; 2001) . 435
436
The strong correlation between the NO 3 -+ NO 2 and NH 4 + concentrations in the snow-ice and 437 the snow fraction of the snow-ice (Fig. 8) indicates that the concentrations of NO 3 -+ NO 2 -438 and NH 4 + at the top of the sea ice, which was mostly snow-ice, were controlled by the 439 contribution of snow falling onto the sea ice. Another factor controlling the NO 3 -+ NO 2 and 440 14 NH 4 + concentrations is likely to have been the biological activity in the sea ice (e.g., Thomas 441 et al., 2010 and references cited therein). During photosynthesis by ice algae, concentrations 442 of dissolved nutrients in sea ice decrease owing to algal uptake (e.g., Gleiz et al., 1995) . In 443 addition, remineralization of organic matter by heterotrophic organisms and bacteria 444 redistributes the nutrients in sea ice . This reaction usually occurs in 445 highly productive parts of sea ice, where the content of particulate organic compounds is high 446 throughout the ice (Nomura et al., 2010a) . However, our results indicate that the chlorophyll a 447 concentration at the top of the sea ice was low (Fig. 6) . were higher than in the middle (Fig. 4 ), suggesting that the regeneration of the particulate 454
organic compounds occurred at the bottom of the sea ice, where chlorophyll a concentrations 455 were high (Fig. 6 ). In addition, at the bottom of sea ice, salinity and temperature were high 456 ( Fig. 4) , indicating that the brine volumes were also high. These results suggest that higher 457
nutrients were present at the bottom of sea ice than in the middle of sea ice. 458 459 460
Conclusions 461 462
Taken together, our results suggest that nitrogen compounds originating from the atmosphere 463 were incorporated into the sea ice via snow-ice formation. The increase in the mass fraction of 464 snow in the snow-ice over time (Fig. 7) provides a clear picture of the incorporation of 465 nitrogen compounds into the sea ice (Fig. 9a ). The temporal cross-section of NO 3 -+ NO 2 -+ 466 NH 4 + concentration in the sea ice indicates that the nitrogen compounds penetrated downward 467 with time and that concentrations in the middle part of the sea ice (about 0.2-m depth) were 468 twice as high at the end of the period (4 March) as at the beginning of the period (25 469 February) (Fig. 9a) . These variations were coincident with those of the mass fraction of snow 470 in snow-ice ( Fig. 9b ). Furthermore, because of the large daily variations in air temperature 471 ( Fig. 2a) , it is likely that a melt-freeze cycle occurred at the top of sea ice and it is possible 472 that this freezing for snow-ice formation led to an increase in the nutrient concentrations by 473 solute exclusion which was enhanced by vertical mixing in the brine-channel. These 474 processes also might increase the penetration of nitrogen compounds downward. productive area and supports a wide range of species (Sakurai, 2007) . These species could be 493 sustained by a food chain that starts with the sea ice-related organic matter at the before melt 494 
